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REYNOLDS NUMBERS OF TWO SYMMETRICAIL CIRCULAR-ARC ’vfﬁ

ATRFOIL SECTIONS WITH HIGH-L.IFT DEVICES

By William J. Underwood and Robert J. Nuber
SUMMARY

An investigation was made of two symmetrical circular-arc
airfoils of 6 end 10 percent thickness end equipped with leading-
edge and trailing-edge hizh-1ift devices. The nigh-1ift devices
consisted of a 0.20-chord plain trailing-edge flap, a 0.1%-chord
drooped ~nose flap and a 0.10-chord leading-edge extensible flap.

The section 1ift, pitching-mement, snd some dras characteristics

~of the two supersonic airfoils tested ot high Reynolds numbers

and low.-Mach numbers (M = 0.1hk) with the various high-lift devices
are presocnted.

Meximum section 1ift coefficients of 1.95 and 2.03 were
obtained at a Reynolds number of 6 x 10° for the optimum
combination. of drcoped-nose and plain Tlaps for the 6- and

10 ~percent-taick airfoils, respectively. The optimum combinations
of flap deflections for the 6~ and 10 -percent-thick airfoils

were found to be 6. =30°, &, = 60", and &_ = 36", 8. = 60°,
respectively, where 8, represents the drooped nose and Bp

~the plain trailing-edge flap deflettions. The results for the

10 -percent-thick airfoil with the plain trailing-edge flap
deflected 600 indicate no important changes in the maximum
sectlon 1ift coefficient with small depsrtures from the optimum
drooped-nose flap deflection. With the flaps neutrsl the meximum
section 1if't coefficients for the 6- and 10 -percent~thick airfoils
were 0.73 and 0.67, respectively. The results also indicated that
the scale effects on the meximum scction 1ift coefficient were, in

general, negligible over the range of Reynolds number from 3 X 106

to 18 x 10°.

The section pitching-moment characteristics indicated that the
aerodynamic center was shead of the quarter-chord point and moved
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toward the leading edge when any of the high-1ift devices was
deflected or extended.

Deflecting the drooped-nose flap was nore effective in
extending the low-drag range to higher section 1ift coefficients
than deflecting the plein flep.

INTRODUCTION

The present rapid rate of development of airplanes that are
expected to fly successfully in the transonic and supersonic speed
ranges has focused great sttention on the characteristics of
airfoils having sharp leading edges. The principal requirement
of these airfoils iz a low drag in the appropriate speed range.

If the airplene is also expucted te land safely or to fly
satisfactorily in the low-speed range, however, 1t 1s also
necessary that means be provided for increasing the naturally low
maximum 1ift of the sharp-edged airfoils. An investigation has
peon made accordingly in the Lengley two-dimensional low-turbulence
pressure tunnel of the improvements in maximum section 1ift
coefficient that can be obtoined by the use of simple high-lift
devices. This wind tunnel enables both the Reynolds number and

the Mach number appropriate to the landing condition for a typical
girplane to be approximated simultaneously. The airfoils used were
of symmetrical circular-arc shepes and were 6 and 10 percent thick.
Each airfoil was equipped with a 20-percent-chord plain trailing-
edge flap, a 15-percent-chord drooped-nose flap, and alternately

& 10-percent-chord leading-edge extensible flap.

The section 1lift and pitching-moment characteristics were
determined for both airfoils with the high-1ift devices deflected
individually and in combination with one another. The section drag
characteristics were obtained for the 6-~percent-thick airfoil with
the flaps partly deflected as low-drag-control flaps and for both
airfoils with the flaps nentral. '

COEFFICIENTS AND SYMBOLS

Fd
gection 1lift coefficient iw
q

Cq section drag coefficient ( ........
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m ) section pitching-moment coefficient about the quarter :
C/ m. / )4-\"‘

{NLT
chord 5

section pitching-moment coefficient about the

c
Dy .c. n
. 5 8,.C»
serodynemic center TR
aee” /

where
1 1ift per unit span
d drag per unit spsn
m pitching moment per unit span
c chord of airfoil with all flaps neutral

. SN

/ 0.V \

. i 9o

4 free-stream dynamlc piessure \-w~5w<

. 2

. -
Po free-~stream density
VO free-stream velocity
and
o, section angle of attack, degrees
By drooped -nose flap deflection, degrees, positive downward
Sp plain flap deflecticn, degrees, positive downward
R Reynolds number
udcz increment of section angle of attack at maximum 1lift
max due to flap deflection
Acy increment of maximum section 1ift coefficient due to
max flap deflection

DESIGNATION OF SUPERSONIC AIRFOILS

With the advent of supersonic airplanes, airfoils with sharp
leading edges and varying shapes have been designed. Two
supersonic airfoils of circular-arc shape with thicknesses
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of 6 and 10 percent are discussed herein and are designated

NACA 25-(50)(03)-(50) (03) and NACA 25-(50){05)-(50)(05), respectively.
The significaence of these designations is indicated in the following
example:

mACA  28-(50)(03)~(50)(03)
| ;
NACA designation - -— i

i
L
|
!
i
!
i

Circular arc

Supersonic

Position of maximum ordinate
of upper surface (percent
chord)

Value of maximum ordinate of
upper surface (percent chord)

Pogition of maximum ordinate of
lower surface (percent chord) -

Value of maximum ordinate of g
lower surface (percent chord) - e e !

The designation 25-(50)(03)~(50)(02), therefore, denotes a
symmetrical circular-arc airfoll with a maximum thickness of
6 percent at midchord. Ordinates of the 6- and 10-percent-
thick circular-arc airfoils are given in tables I ana II,
regpectively.

MOTDELS

Both of the circulsr-arc-airfoil models had & 2h-inch chord
and a 35.5-inch span and were made of steel. The flaps of the
6-percent-thick airfoil were made of brass and those of the
10 -percent ~thick airfoil were made of duralumin. Sketches of the
models are presented as figure 1. The 0.20~chord plein flap and
the 0.15-chord drooped-nose flap were pivoted on leal hinges mounted
flush with the lower surface. The leading-edge flap was a 0.10-chord
extension of the upper surface asrc shead of the normal leading
edge of the plain airfoil. Model end plates asg shown in figure 2
were used to facilitate setting the deflection of the drooped-nose
and plain flaps. The models were designed so that plain flap

¢
deflections 5p up to 60  and drooped-nose flap deflections 6n
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up to 500 could be obtained. The flaps were sealed at the hinge
line by having the flap skirt in rubbing contact with the flap.
When the plain flap of the o~percent—th¢ck airfoil was deflected

beyond 50 the gap between the flap and skirt was sealed with
modeling o]a to prevent leeckage.

For all tests, the surfaces of the models were finished with
o. 400 carborundum paper to produce smooth surfaces; slight
discontinuities, however, still existed at the leaf hinges on
the lower surfaces and at the line of contact between the flaps
and flap skirts.

TESTS

Tests of the two models were made in the Langley two-
dimensional low-turbulence pressure tunnel. The tests included

measurements at a Reynolds number of 6 x 10 of airfoil 1lift

and piltching moment for each model with the high-1ift devices
deflected either 1ndiv1dually or in conjunction with one another.

At Reynolds numbers of 3 x 106‘ and 9 X lO the 1ift

characteristics of both models were obuaineé with the flaps neutral
and. W1th the drooned*nose and plain flaps deflected simultansously
to jO and 60 s rpspoctlvely “ At these ReJnolds numbers the 1ift
cheracteristics of the NACA 25-(50)(05)-(50)(05) airfoil were also
.determlned with the arooned-nose and plain flaps deflected simul-

taneously to 36- and oO , rbspecblve%y, ‘A further %nvestlgatlon of

the 1ift characteristics at 14 x 10° and 18 x 10° was made for
the NACA 25-(50)(05)-(50)(05) airfoil with the flaps neutral and
with the drooped-nese and the pla:n flaps deflected ©o J6 and bO
respectively. Drag measurements of each model for the flapu-neutral
cendition were obtained by wake gurveys at Reynolds numbers
of 3 10 X lO , and 9 x 10

: 6 e 6

At Reynolds numbers of 3 x 107, 6 x 107, and 9 x 10  the

Mach number wa uabstantlally constunt at 0. lO At Reynolds numbers

of 1l 'x 10 -and 18 x 10° the Mech numbers were 0.12 and O. 1k,
respectively.

The 1ift and drag characteristics of the NACA 25-(50)(03)-(50)(03)
airfoil with the drooped-nose and plain flaps deflected
as low-drag-control flaps were obtained at a Reynolds number

of 2.1 x 106 in the Langley two-dimensional low-turbulence tunnel.
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For these tests, the high-1ift devices, both individually or in
combination with one another, were deflected through a renge of
flap deflections from OO to 10 . Evaluation of the section drag
characteristics of the NACA 25(50)(03)-(50)(03) airfoil wit

o]
the high-1ift devices deflected more than 10 by the wake-
survey method (the only method available) proved impractical
because of large spanwise vaeriations in drag that occurred whenv
the flow was partly separsted.’ '

i

@)

The airfoil 1ift, drasz, and pitching moment were measured
and corrected to free-air conditions by the methods described
in reference 1.

Lift measurements of the models with the flaps neutral, with
and without model end plates, (figs. 2 and 3) indicated that the
model end plates had no significant effect on the measured
characteristics.

RESULTS AND DISCUSSION

Plain airfoils.-The acrcdynamic scction characteristics of
the 6- and 10-percent ~thick symmetrical. circular-arc airfoils
with the flaps neutral are presented in figure L.

The meximum section 1ift coefficients are 0.73 and 0.67 for
the 6~ and 10-percent-thick airfoils, respectively. This decrease
in maximwm section 1ift coefficient with increasing elrfoil
thickness is opposite to the trends that may be shown from the
date of NACA 6-series airfoils (reference 1) through the same
thickness range and may be explained as follows: Asg the thickness
of the NACA 6-series airfoils is increased from 6 to 1C percent,
the corresponding increase in the airfoil leading-edge radius results
in improved air-flow conditions around tne lsading edge at the
high engles of attack. The increase in trailing-edge angle that
results with increasing thickness tends to decrease the maximum
section 1ift coefficient due to an increase in boundary-layer
thickness on the upper surface. The favoreble eifect of a large
leading-edge radius appears to predominate in this thickness range
for the NACA G-series airfoils and higher values of maximum 1ift
are produced. For the circulasr-arc airfoils, however, the lsading
edges of both the 6- and 10-percent thick airfoils are sharp and the
air-flow conditions around the leading edges at high angles of attack
are about the same. The effect of -an increase in trailing-edge
angle with increasing thickness results in a decrease of maximum
lift.
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‘The. lift-curve slopes are 0.097 and: 0.090. for the 6- and
10-percent ~thick airfoils, respectively. Because the air-flow
conditions around the Jeadwné edge of both circular-erc airfoils
. are probably very nearly alike through the complete range of-angles

. of attack, the thicker boundary layer of the lO*percenT*thlck
"a1r1011 cnused the: decrease in the lift-curve slope. =~ -

,The-slope of the lift’curve for the‘IO~Ueroentethick'airfoil
was measured at small positive or negative values of the. lift
coefficient to avoid including the slight jog in the Lift curve
that occurs near zero 1ift. This discontinuity LS probably due
to an extensive thickening of the boundary layer on the low
pressure surface result¢ng from an increase -in the’ Lrlﬂllng edge
angle. A gimilar phenomenon may have existed on the 6-percent thick
girfoil but was not of sufficient magnitude to c¢use_a significant
Jog in the 1lift curve. The data (fig. U4) show no appreciable scale
effect on the 1ift characteristics of either circular-arc airfoil
with the flaps neutral through the range of & ?eynoLd numbers .
1nvcstigated. ~ '

The varldtloh of the guarter-chord pJCCﬂlnw momonu coefficient
of both the 6- and. 10-percent-thick circular-arc airfoils indicates
a forward position of the aerodynsmic center -with respect to the
" quarter-chord point of the sirfoil. This variation of the pitching
moment prcbably resuits from the relative uhlck@nln* of the ooundary
layer near the trailing edge on the upper. surface with increasing
angle of attack. The acrodynamic center of the 10-percent-thick
airfoil is more forward than that of the-6-percent~thick airfoil.
This shift in aerodynamic-center position is attributed to the
increase in trailing-edge angle or thickening. of 0:90c. (See
reference 2.) As is usually true when an airfoil stalls, the
center of pressure of the circular-arc airfoils movés toward the
rear and the quarter-chord moment coefficient increases negatively
in the normel manner. The small negative pitching moment of both
models at zero 1irt is atiributed to asymmetrical loading resulting
from very small model irregularities.

With airfoils having sharp leading edges, the drag coefficient
increases fairly rapidly as the angle of avtack departs from zero.
In general, the drag coefficients decrease with increasing Reynolds
numper in approx1mthlv the manner expected for fully developed
turbulent flow on both surfaces. In the case of the 6=percent-
thick airfoil, however, leminar flow avparently wes obtained over
a fairly exten81ve portvon of the upper surface at zero and negative

angles of attack at Reynolds numbers of 3 x lO and 6 x 107, as
indicated by the lower drag for these conditions as compared with

the drag obtained at a Reynolds number of 9 X lOb
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Airfoils with hich-1ift devices.- The 1ift and pitching-moment
characteristice of the two symmetrical circular-arc airfoils for
various deflections of the leading-edge and trailing-edge high-1ift
devices deflected LHleldUa¢7y are presented in figures 5 to 7.

The meximum section 1ift coefficients of the 6~ and 10-percent-
thick airfolls increased as the 0.20-chord plain flap was deflected.
The values of the meximum 1ift coefficients (fig. 5) for both
airfoils were substantially equivalent at corresponding flap
deflections, but the angles of attack for meximum 1lift decreased
as the flaps were deflected.

Deflecting the 0.15c drooped-nose flaps (fig. 6) increased the
maximum section 1lift ccefficients and increased tﬁe angles of
attack for meximum 1ift primarily by alleviating the negative
pressure peaks that cause leading-edge separation near maximum
lift. These pressure peaks are alleviated becausc the flow
approaching the leading edge is more nearly alined at high angles of
attack when the drcoped-ncse flap is deflected. The maximum section
1if't coefficients for the 6- and 10-percent-thick airfoils at the
optimum drooped-nose flap deflection of 30° are 1.17 and 1.15,
respectively. At corresponding deflections of the 0.15¢  drooped -
nose flap the maximum section 1ift coefficients of both airfoils are
esgentially the same. At angles of attack well below those for
maximum 1ift the drcoped-nose flaps act as spoilers on the lower
surface of the airfolls and causs some reduction in 1ift. These
logses in 1ift increzse as the flap deflect 1oq is increased.

Extending the 0.10c leading-edge flaps (fig. 7) increesed the
maximun section 1ift coefficients and lift-curve slopes of both
airfolls from the basic configurations. The higher slopes of the 1ift
curves for the two alrfoils with the 0.10c leading-edge flaps
extended sre primarily due to the fact that the section 1lift
coefficlents are based on the chord of the plain airfoil.

The variation of the increment in maximun section 1ift
coefficient ANc and increment in angle of attack at maximum
mex
Lif't Doy for both models WLuh deflection of the drooped -nose
max
flap and plain flap is summerized in figure 8. This figure clearly
shows that the optimum drooped mnose flap defleccion for maximum 1ift
occurs at approximately 3O for both the 6- and the 10 “percent ~thick
airfoils. No optimum deflection was obtained for the plain flap
inasmuch as the highest test deflection was still the most effective.
The meximum section 1ift coefficients of both airfoils are
substantially equivalent at corresponding flap deflections, but the
increments in maximum section 1ift coefficient with flap deflection
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differ because of the lower maximum section 1ift coefficient of

the 10-percent-thick airfoil with the flaps neutral. (See fig. 4.)

As shown in figure 8, positive increments in the angle of att ack

at maximum 1liTt resulted when the drooped-nose flap was deflected
vhile negative increments were produced with the plain flap deflected.

The pitching-moment characteristics of the two models with
any of the various types of flaps deflected (figs. 5 to 7Y show
that the aerodynzmic center continues to move toward the leading
edge as the high-1ift device is put into operation. The area added
to the leading edge of the basic model by extending the 0.10-chord
leading-edge flap accounts for the usually lerge change in slope of
the pitching-moment-coefficient curve inasmuch as the momenuq were
measured about the quarter-chord point of the basic model.

Combined deflections of high-1ift devices.= The results of tests
of the two alrfoils with various combinations of the high-lift
devices are presented in figures 9 and 10. As shown in fizure 9,
the optimum flap deflections corresponding to the highest maximum

: o L
section 1 Y COOfPJblcnt were O, = 300, va:'6o ;, end O = 36

= 60 for the 6- and 10-percent-~thick airfoils, respectively.
The data for the 10- perce nt ~thick airfoil with the plain flap

deflected'éo indicete no lmDO“t nt changes in the maximum section
1ift coefficient with emall depertures from the optimum drooped-nose-
flap deflection. ;

A comparison bebﬁeen the 1ift charecteristics of the %wo
azrf01ls with the 0.1%-chord droopedwnooe flap deflected 30 and
the 0.20-chord plain flap deflected 60° (fig. 9) with those for

the airfoil with the plain flap deflected 60° (fig. %) shows that
the maximum section Lift coefficients were increased 0.32 ang 0.30
and the angles of ,ttackvaﬁ maximum 11ft were increased 6.5
and 6°, respectively, for the 6--and 10-percent-thick airfoils.
A 81m1lar comparison between the 1ift characteristics of the two
airfoils -with the 0.10~- chord leadjn,-edmo flap extended and the
plain flap deflected 60° (fig. lO) with those for the two airfoils
with the plain flap dailoctcd 60° (fig. %) chows that the maximum
section Yift coefficients were increassd about O.lg and 0.24 and the
angles of attabk for meximum lift wore incressed 1° and 20
respectively, Tor the 6* and 10 -percent-thick airfoils. A Tarue
percentage of these increases in maximum section 1lift coeiiluLents
is due to the increase in the model chords that occurs with. tho
0.10-chord leading-edge Tlaps extended since the coeff101erto are
based on the chorab df Lhc baQ1c models. ‘
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The section 1lift characteristics of the two airfoils with

o] o
the drooped-nose and plain flaps deflected 30 and 80 , respec-
tively, obtained at Reynolds numbers of 3 x 106, 5 ¥ 106, and.

9 % 10 are pr ecentod in figure 11. At Reynolds numbers between

7

3 x 107 and 9 x lO the data (fig. 11(a)) show no appreciable
scale effect on the maximum 1ift coefficient of the &-percent-
thick alrfoil. In the case of the 10-percent thick airfoil

(fig. 11(b)), however, some adverse scale effect is indicated in,
the maximum 1ift coefficient at Reynolds numbers between 3 x 10°

and 6 x 1 6 Similarly, some edverse scale effect (fig. 9(c))
is 1nd10ateu 1n the meximum 1ift coefficient at Reynolds numbers

between 3 LO end 9 x 10~ with the drooped-nose and plain

flaps deflected 36° and 60° fesnectively.- At Reynolds numbers

o)
above 9 x 10, however, the maximum section 1lift coefficient of
this combznatlon remained approximately constant.

The section pitching-moment characterlstlcu of' the two airfoils
at combined flep deflections of &, = 307, o,0 = 60° (fig. 11) show
that the aerodynamic center remaJns ahead of *the quarter-chord point.
In addition, the combined action of the drooped-nose flap and plain
flap caused the moment coefficients to increase negatively with
increasing 1ift coefficient until the anzle of attack was high
enough that the spoiler actlon of the drooped-nose flap was
alleviated. As the 1ift coefficient was increased beyond this point,

the moment decreased negatively to upnwoA imately 2 u./ beyond the
angle of attack for maximun 1ift whereupon the moment curve breaks.

TOW“dVEQ“COHtTOl fiavs.- The Lift and drag characteristics of
the NWACA 28-(50)(03)-(50)(03) airfoil with the drooped-nose and
plain flap deflected ore presented in f izure 12. Deflecting the

dr0ﬂp6d~n0be flap to 10° decreased the seaflon drag ccefficient of
the 6-percent-thick circular-arc zirfoil at a Lift coefficient

of 0.3 about 40 percent by delaying the formation of a negative
pressure peak at the leading edge which causes separation. In
general, deflecting the drooped-nose flap was more effective in
extending the low-drag range to higher section 1ift coefficients
than was deflecting the plain flap.

CONCLUSIONS

A two-dimensional wind-tunnel investigation was mede of
symmetricel circular-arc eirfoils, 6 and 10 percent thick, with
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leading-edge and trailing-edge hlgh-1ift devices at Reynolds numbers

from 2.1 x 106 to 18 % 10 . The results obltained indicated the
following conclusions:

-1. Maximum 13ft coefficients of 1.95 and 2.03 were obtained
for the optimum combination of drcoped-nose and plain flaps for
the 6- and 10-percent-thick airfoils, respectively. The
corresponding maximum 1ift uoefflbjents for tne plainairfoils
were 0.73 and 0.67, respectively.

2. The optimum combination of flap deflections for the 6- o
and lo~percent-¢hiok airfoils vere found to be 5 =307, 8, = 60",

o ' 2
and 6 = 36 5 60 , respectively, where 6n represents the
drooped‘nose and. 8f the plain-flap deflections. The results

for the 10-percent-thick airfoil with the plain flap deflected 600
indicate no important chanzes in the maximum section 1ift coef-
ficient with small depertures from the optimunm drooped-nose-flap
deflection.

3. The scale effects on the maximum Lift coefficlent®t were,
in general, negligible.

. The section pitching-moment characteristics indicated that
the aerodynamic center was ahead of the quariter-chord point and moved
toward the leading edge when any of the high-1lift devlues was
deflected or extended.

5. Deflecting the drooped-nose flap was more effective in
extending the low-drag range to higher section 1ift coefficients
than deflecting the plain flap.

Langley Memorial Asronautical Laboratory
National Adviscry Committee for Aeronauntics
Langley Field, Va.
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TABLE I
ORDINATES FOR THE NACA 28-(50)(03)-(50)(03)
AIRFOIL

[Stations and ordinates given in
percent of alrfoll chord]

Upper surface Lower surface
Station| Ordinate Station | Ordinate
0 0 6] 0
5 572 5 -.552
10 1.082 10 =-1.082
15 1.533 15 -1.5%3
20 1.922 20 -1.922
25 2.252 25 -2.252
30 g.S%i Zg -g.S%i
5 . =2,
BO 2.580 0} -2.880
L5 2.970 L5 -2.970
2 pm | 2| 2
60 5880 50 5880
. 65 2.731 65 -2.731
70 2,521 70 -2,521
55 2.252 5 -2.252
0 1.922 0 -1.922
85 1.533 85 ~1.53%
90 1.082 90 -1.082
95 572 95 -.572
100 0 100 -0
Radius of circular arc; }.182¢

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

TABLE IT
ORDINATES FOR THE NACA 28-(50)(05)-(50)(05)
AIRFOIL

[Stations and ordinates given in
percent of airfoil chord]

Upper surface Lower surface
Station | Ordinate Station | Ordinate
0 0o 0 0
5 .358 5 -.558
10 1.812 10 -1.812
15 2.562 15 -2.562
20 3,211 20 -3.211
25 3-759 25 =3.759
30 .207 30 -1.207
5 h.QSA 5 -h.g5h
0 L.802 0 -4.802
L5 L.951 L5 -l.951
I
5 . =L
0 1;.802 -1;.802
65 Li.554 65 =L .55
70 L.207 70 -l .207
5 3.759 5 =3.759
0 3,211 0 -3.211
85 2.562 85 -2.562
90 1.812 90 -1.812
95 0958 95 ‘0958
100 0 100 0
Radius of circular arc: 2.525¢

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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(b) NACA 28-(50)(05)-(50)(05).
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Figure 2.- Front view of a symmetrical circular-arc airfoil equipped

with end plates.
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Fig. 10a ' NACA RM No. L6K22
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Figure 10,- Section 1lift and pitching-moment characteristics of two
symmetrical circular-arc airfoils with the 0.10-chord extensible

leading-edge flap and the 0.20-chord plain flep; R, 6 x 106,
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Figure 1l.- Section lift and pitching-moment characteristics of two symmetrical circular-arc
airfoils with the drooped-nose flap deflected 30° and the plain flap deflected 60°,
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